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Abstract
A device capable of recording single unit activity (SUA) deep within the brain is presented in this work. A 
high-channel count of 128 is achieved by integrating CMOS signal processing capability inside the cylindrical 
device with a diameter of 1 mm. The probe uses planar photolithography to pattern the high-resolution metal tracks 
on a polyimide foil, which is later converted into the cylindrical shape of deep brain probes through the use of 
dedicated tools and an innovative molding process. The purpose of the integrated circuitry is to pre-process the 
recorded neural signals so that it can be time-domain multiplexed onto only 8 output leads, thereby reducing the 
interconnection effort at the end of the probe. The functionality of the device is confirmed by characterizing the 
contact resistance of the interface between the CMOS chips and the substrate. Furthermore, the CMOS electronics 
have been tested. The signal conditioning front-end produces a gain of 100, band limits the signal to 10 kHz, and 
generates an input referred noise of 8 μVrms while consuming 12 μW/channel. Impedance measurements confirm the 
electrical functionality of the electrode sites.
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1. Introduction 
The world health organization estimates that the number of disability-adjusted life years (DALY) due to epilepsy 
reaches 7.4 million in the year 2030 [1]. Epilepsy can often be treated using pharmaceuticals. However this approach 
may become ineffective during long-term use [2] or shows adverse side-effects [3]. In the 1950s, Talairach and 
Bancaud developed an effective but highly invasive method for the permanent treatment of focal epilepsy, i.e. a type 
of epilepsy where the epileptic seizures originate only from one discrete region inside the brain. The clinically 
accepted solution is to excise the area from where the seizures originate, requesting a precise localization of the 
epileptic focus using electrophysiological recordings [4]. One of the tools developed for spot localization, and still in 
use today without much technological advances, is the stereoelectroencephalography (SEEG) probe. SEEG probes
exhibit a cylindrical probe shape and comprise up to 18 2-mm-long macro-electrodes. Up to 15 such probes are often 
implanted into one brain hemisphere and used over the course of about two weeks to identify the epileptic focus by 
recording pathological signals during seizures and in some cases in-between seizures.
As the brain volume to be excised has to be kept as small as possible, a high resolution in spot localization is 
requested. This is addressed by the large number of up to 15 SEEG probes per hemisphere and might further be 
improved by increasing the number of electrodes per probe. In recent epilepsy studies [5, 6] it is shown that action 
potentials of single neurons, so-called single neuron activity (SUA), can be recorded to further identify the 
mechanisms underlying focal epilepsy. In view of their specific design, these tools were however able to record SUA 
only in cortical layers close to the skull or at the medial wall in the center of the brain.
In this work a SEEG probe is presented which allows the recording of SUA all along the shank of the cylindrical 
probe while significantly increasing the number of electrodes and thereby potentially improving the resolution of 
spot localization. The number and size of connectors is small by integrating active CMOS electronics inside the 
cylindrical probes, which amplify and multiplex 128 channels onto 8 output lines only.
2. Probe concept and assembly
The fabrication of the probe is carried out through a photolithographic process using planar substrates which are 
ultimately rolled and bonded into their final cylindrical shape. The probe consists of two full revolutions once the 
foil has been brought into its cylindrical shape. To achieve dimensions similar to commercially available depth 
probes, we chose a diameter of 1 mm. CMOS chips for signal amplification and multiplexing are attached to gold 
bond pads patterned and electroplated on the area of the foil that will remain inside the rolled structure. 128 
electrode sites with application specific dimensions are placed on the foil in areas that will end up on the outside of 
the foil. Figure 1(a) shows the foil layout with dedicated bond pads and electrode sites.
Fig. 1. (a) Planar foil layout; (b) rolling schematic and (c-d) 3D rendering of rolling process; (e) model of final probe.
Figure 1(b) illustrates the functional areas of the foil and highlights the location of the attached chip in the rolled 
foil. The figure further depicts a full revolution of the foil inside the probe cylinder with Cytop in-between used as 
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thin-film dry adhesive. In order to realize the cylindrical probe shape, a dedicated mold and hollow cylindrical tool 
with a 100-μm-wide slit along its axis are used {Fig. 1(c,d)}. The mold has a cylindrical cavity corresponding to the 
shape and diameters of the targeted device geometry. A vertical tangential slit gives access to this cavity and enables 
the insertion of the foil, as illustrated in Fig. 1(c). The tool is introduced into the cavity while the foil is threaded at 
the same time through the tool slit. At this point, the tool is rotated, pulling the foil into the slit and rolling it up 
along its entire length {Fig. 1(d)}. The subsequent thermal anneal above the glass transition temperature of Cytop
finally fixates the probe in its final shape {Fig. 1(e)}.
The CMOS chip, realized using the commercial 0.18 Pm CMOS process from XFAB, has been designed to 
amplify and band limit the signals within the frequency band of interest. The pass-band gain was set to 40 dB. The 
signals are then time domain multiplexed (TDM) and buffered. The chip design shown in Fig. 2(a) multiplexes 16
channels onto one output line. Combined with six shared control lines needed for the full system, the number of 
interconnection lines needed from the outside of the probe scales with 6 + N, where N is the number of chips 
operated in parallel. On the other hand, the number of channels that can be read simultaneously scales as 16N. In our 
current probe design we operate 8 of these chips in parallel, which results in a channel count of 128. Thus, by 
integrating active circuitry into high-channel count SEEG probes provides an excellent feature for reducing the 
interconnection effort needed at the back-end of the probe, consequently simplifying the surgical procedure. 
Fig. 2 (a) Schematic of the CMOS TDM chip. Six control lines are used to operate the chip; (b) photograph of the CMOS chip.
3. Foil and chip fabrication
The foil consists of a polyimide-platinum-polyimide sandwich structure with a total thickness of 10 μm [7]. In 
summary, a lift-off technique is used to pattern a layer of sputtered platinum (Pt) on top of a spin-coated polyimide 
(PI) layer. The metal tracks are covered with silicon carbide and diamond-like carbon to promote the adhesion 
between the Pt and a second PI layer that covers the metal tracks. The Cytop layer serving as a dry adhesive layer is 
structured on top of this PI foil, using photolithography and reactive ion etching (RIE). In a final process step, RIE is 
used to remove the PI at desired bond pad areas and electrode positions, and to pattern the probe shape. At variance 
with Ref. 7, we electroplate gold at the bond pad sites which protrudes by 4 μm beyond the top polyimide surface to 
enable the subsequent flip-chip bonding procedure of the CMOS chip.
Fig. 3 (a) Final probe with integrated CMOS chips; (b) close-up of a section with micro-electrodes and embedded CMOS chip.
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The CMOS wafers received from the foundry are post-processed to protect the aluminum on the chip using a Pt 
layer. Chip thinning down to 40 μm is performed by the etching-before-grinding (EBG) process [8]. A picture of the 
post-CMOS processed chip is shown in Fig. 2(b) while the final probe is shown in Fig. 3.
4. Characterization
Several characterization methods were used to demonstrate the probe functionality. The electrical impedance of 
the electrodes was determined using a standard three-electrode setup resulting in absolute impedance values between 
300 NDQG N for electrodes with a diameter of 35 μm. This is in good agreement with measurements of our 
group performed in the past on Pt electrodes. The contact resistance of the bond pads was extracted using passive 
silicon chips designed with the same pad layout as the CMOS chips. Metal tracks were integrated into these passive 
silicon chips that connect a single bond pad back to the electrical connector, so that the contact resistance of the 
bond pad can easily be extracted in a four-wire setup. The bond pads showed stable values of 3±2 P. Finally, the 
gain, phase, and noise response of the CMOS front end were measured using an impedance analyzer. They exhibit a
gain as expected of 100 dB in the pass-band of 10 Hz to 10 kHz. An input referred offset voltage integrated over the 
band of interest was measured to be 10.6 μVrms, slightly higher than state-of-the-art devices and the simulated 
design. It is however low enough to record SUA in the range of 50 PV. The power consumption (including the 
digital blocks needed for timing in the multiplexer and the buffer) is 12 μW/channel indicating that the proposed 
device is in principle able to record single unit activity. However, an in vitro or in vivo experiment has to confirm 
signal quality in greater detail.
5. Conclusion
A flip-chip bonding method is proposed to integrate active CMOS multiplexer chips onto planar polyimide foils, 
ultimately transformed into probes of cylindrical shape by rolling the foils and forcing them to stay in their 
cylindrical shape using a thin-film dry adhesive. Contact resistances of the bond pads are stable and at the same time 
low enough to ensure correct operation of the amplifiers and multiplexer chips. The amplifiers of the chips operate 
as simulated and show a measured noise well below the anticipated signal amplitude. Our current design proposes 
the use of eight multiplexer chips in parallel, resulting in a probe with 128 channels and only 14 electrical leads 
needed to interact with the probe. In vivo studies have yet to confirm the functionality of the probe and the signal 
quality. Such measurements might demonstrate the probe as a powerful tool for epilepsy research and diagnosis.
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